COUP-TFs (Chicken Ovalbumin Upstream Promoter Transcription Factors) have been proposed to be negative regulators of retinoid receptor-mediated transcriptional activation. In a previous paper we reported the cloning of a Xenopus (x) COUP-TF (Matharu, P.J. and Sweeney, G.E. (1992) Biochim. Biophys. Acta 1129,331-334). Here we describe the cloning of a second xCOUP-TF. Amino acid sequence comparison between these two Xenopus COUP-TFs revealed a high level of similarity. Extensive amino acid sequence conservation was found among all Drosophila, Xenopus, zebrafish and mammalian COUP-TF genes examined. Phylogenetic tree analyses indicate that the vertebrate COUP-TFs fall into three classes. The two Xenopus COUP-TF genes show similar temporal expression patterns: both are expressed from the end of gastrulation. In situ hybridization studies reveal complex expression patterns in the developing central nervous system (CNS), besides expression in the eye and in some mesodermal tissues. Retinoic acid (RA) treatment enhances xCOUP-TF-A expression in neurula stage embryos, whereas the expression of xCOUP-TF-B is inhibited during the same developmental period. The strictly conserved amino acid sequences and the strong similarities between the expression patterns of the two different xCOUP-TFs on the one hand, and other vertebrate COUP-TF homologues on the other, make it likely that COUP-TFs have a conserved role in patterning the nervous system.
Introduction
All-truns retinoic acid (RA) has profound effects on vertebrate development (see e.g. Maden and Holder, 1992) . In the chick wing bud, local RA application causes a mirror-image duplication of the digit pattern (Tickle et al., 1982) . In early Xenupus development, RA administration disturbs proper development of the anteroposterior axis, causing loss of anterior neural and mesodermal structures and shortening of the tail (Durston et al., 1989; Sive et al., 1990; Ruiz i Altaba and Jessell, 1991a,b) . Xenopus embryos are most sensitive to exogenous RA when this retinoid is administered at stage 10, when gastrulation starts (Durston et al., 1989) . Gastrulation may also be a time when endogenous retinoids (Durston et al., * Corresponding author. Tel.: +31 30 2510211; fax: +31 30 2516464. 1989; Pijnappel et al., 1993; Chen et al., 1994; Creech Kraft et al., 1994 ) exert one of their proposed physiological functions, i.e. specifying the identity of newly induced neural tissue. Retinoids also affect anterior mesodermal and neural development when applied at neurula stages, but to a lesser extent (Ruiz i Altaba and Jessell, 1991b) . It is thus important to know which (active) retinoids and which retinoid receptors and co-factors are present during gastrulation and neurulation in Xenopus, to provide a basis for understanding the mode of action of both endogenous and exogenously applied retinoids.
Two classes of retinoid receptors, which are members of the superfamily of ligand-inducible nuclear transcription factors, have been identified: the retinoic acid receptors (RARs) and the retinoid X receptors (RXRs) (reviewed by Mangelsdorf et al., 1994) . RXRs can heterodimerize with a number of nuclear receptors, amongst which the RARs. RARs need RXRs as heterodimerization partners for effective transcriptional activation of target genes (Kliewer et al., 1992b; Leid et al., 1992) , whereas RXRs can also form active homodimers @hang et al., 1992) . In Xenopus, RARal, RXRa and RXRy mRNA transcripts are absent in gastrula and neurula stage embryos (Blumberg et al., 1992) , whereas RARa2.1, RARa2.2, RARy2 and RX@ mRNAs are present, and except for RXR,6 (Marklew et al., 1994) their spatial expression patterns have been examined using in situ hybridization techniques. These expression patterns have not revealed possible specific functions of individual RARs during gastrulation: RARy2 mRNA is expressed both anteriorly and posteriorly in the embryo (Ellinger-Ziegelbauer and Dreyer, 1991; Pfeffer and De Robertis, 1994) whereas RARa2 isoforms are not obviously localized at these early stages (Sharpe, 1992) . Because co-factors might be important for regulation of RAR and RXR activities by restricting their action in specific parts of the embryo, we started searching for such possible co-factors in Xenopus embryos.
Likely candidates are a different class of nuclear transcription factors, namely the orphan receptors, Chicken Ovalbumin Upstream Promoter Transcription Factors (COUP-TFs). The first member of this class was originally identified as a transcription factor required for the expression of the chicken ovalbumin gene (Wang et al., 1989) . COUP-TFs have since been implicated in the regulation of genes expressed in mammalian liver, intestine (Mietus-Snyder et al., 1992) , uterus (Liu et al., 1993) and neural tissue (Lu et al., 1994) . Many in vitro studies have shown that COUP-TFs negatively regulate retinoidinduced RAR/RXR heterodimer and RXR homodimer activities on a large variety of physiologically active retinoic acid response elements (RAREs), either by competition between COUP-TFs and retinoid receptors for binding to retinoid response elements and/or through the sequestration by COUP-TFs of RXRs into inactive heterodimers (Cooney et al., 1992 (Cooney et al., , 1993 Kliewer et al., 1992a; Tran et al., 1992; Widom et al., 1992; Lu et al., 1994) . It has not yet been proven whether this negative regulation reflects a physiological function of COUP-TF, and a complicating factor is that no ligand for this putative receptor has been identified. If a ligand for COUP-TF exists, the receptor could act differentially depending on the presence or absence of its ligand. Indeed, transactivation by COUP-TF homodimers has been reported in some cases (e.g. Lu et al., 1994) .
A Xenopus COUP-TF cDNA (designated xCOUP; now renamed xCOUP-TF-A) was cloned previously from a neurula stage cDNA library (Matharu and Sweeney, 1992) . This paper describes the cloning of a second Xenopus COUP-TF (designated COUP-TF-B), as well as the timing of the expression of the two xCOUP-TFs, the spatial xCOUP-TF expression patterns in early Xenopus embryos, and finally the effects of RA on xCOUP-TF expression. Both COUP-TFs start to be expressed at the end of gastrulation and are present at later stages in the CNS in segmental patterns. xCOUP-TF-A and -B are also expressed in the eyes and in the branchial arches, and xCOUP-TF-A is expressed in the somites. These expression patterns, together with the very strict sequence conservation of COUP-TFs throughout the animal kingdom, strengthen the idea that COUP-TFs are involved in patterning of the CNS. The two Xenopus COUP-TFs might have different functions, as suggested by their different spatial distributions and their differential responses to RA.
Results

Isolation of cDNAs
Recently, we reported the isolation of a cDNA encoding a member of the Xenopus COUP-TF family of nuclear orphan receptors. This cDNA was named xCOUP (Matharu and Sweeney, 1992 ), but will be named xCOUP-TF-A from now on, to distinguish it from another cDNA, the cloning of which is reported here, which encodes a second COUP-TF family member and which we have designated xCOUP-TF-B. The deduced amino acid sequences of both Xenopus genes are compared with the murine (m) and zebrafish (z) COUP-TF homologs in Fig.  1 . The DNA binding domain (C-domain; double underlined) and the ligand binding domain (E-domain; underlined) of xCOUP-TF-B show a high degree of similarity to the corresponding domains of xCOUP-TF-A (95% and 89%, respectively; 97% and 93% when ignoring conserved amino acid substitutions), but the N-termini (A/B regions) are poorly conserved, except for some short amino acid sequences. The A/B region of xCOUP-TF-B is substantially more similar to the A/B regions of both mouse (m) COUP-TFI and COUP-TFII than is the A/B region of xCOUP-TF-A (Fig. l) , indicating that xCOUP-TF-B is a Xenopus homologue of the known murine COUP-TFs. The D-domain (which is usually not very well conserved) of xCOUP-TF-B is almost homologous to the D-domain of mCOUP-TFII (with one conserved amino acid substitution from V to L). Comparison with (Fjose et al., 1993) and the murine (m) COUP-TFs I and 11 (Qiu et al., 1994) . Gaps (-) arc introduced for optimal alignment. Amino acids identical to xCOUP-TF-B are indi- xCOUP-TFB PAQSNPSSQSSQN---QGEKQQQQHIECWCGDKSSGKHYGQFTCEGCKSFFKRSVRRNL zsvp[441 *@TAGDKGS--**_____SG*S*********************f*******~~~*~~~~~ mCOUP-TFI *~#TAGDKG*GPPG-----SG*S ************************************** mCOUP-TFII ***:@AGG*GGPGGPGSDKQ **************************************** xCOUP-TFA *V+GDKG----__--_--_--VP *$$******************************* =w~[461 _*L*GDK_----__-__-_---Ip xCOUP-TFB TYTCRANRNCPIDQHHRNQCQYCRLKKCLKVGMRREAVQRDP zsvpr441 ****************************************~~~~~~~~Np~~ *,c***** mCOUP-TFI ****************************************~~~*~~~~Np~~~~~~~~~~* mCOUP-TFII if! $ *********************************************************** xCOUP-TFA *****S**D***************************_****_***** (Thompson et al., 1994) . References are as in Fig. 1 , and hCOUP-TFI, Miyajima et al., 1988; hCOUP-TFE, J_.adias and Katharanasis (1991) ; dSVP (Drosophila seven-up), Mlodzik et al., 1990; mRXR@, Mangelsdorfet al., 1992 .
the murine amino acid sequences indicates that xCOUP-TF-A is a less closely related COUP-TF family member.
Comparison with the zebrafish COUP-TF clones svp [44] and svp[46] (Fjose et al., 1993) revealed that xCOUP-TF-B is more similar to svp[44] than to svp [46] in all regions that can be aligned accurately (C-domain: 100% versus 94%; D-domain: 89% versus 65%; Edomain: 96% versus 89%), as well as in the A/B region (see Fig. 1 ). The C-and E-domains of xCOUP-TF-A are equally similar to both svp [44] and svp [46] (respectively 95% and 89/90%), whereas in the A/B region, xCOUP-TF-A is clearly more similar to svp [46] than to svp [44] ( Fig. 1 ).
Interspecies conservation of COUP-TF sequences
A phylogenetic tree for the COUP-TF family, obtained from the Drosophila Seven-up sequence and the zebrafish, Xenopus, mouse and human COUP-TF sequences using the clustalw program (Thompson et al., 1994) , is shown in Fig. 2 . Parsimony analysis using the Phylip package (Felsenstein, 1989) produced an identical tree (not shown). From this it appeared that vertebrate COUPTFs seem to fall into three groups: xCOUP-TF-B and the mammalian COUP-TFIIs comprise the first group, 
Temporal expression of KOUP-TF-A and xCOUP-TF-B during early development
The expression of xCOUP-TF-A during Xenopus development was investigated by Northern blotting using a probe hybridizing to the D-and E-domains of xCOUP-TF-A (Fig. 3A) . A transcript of -3.5 kb was found from stage 13 (end of gastrulation) onwards. The abundance of this transcript increased during neurula stages, when compared to the internal standard histone H3 (Destrte et al., 1984) . A Northern blot containing RNA from different tissues in adult frog (heart, skeletal muscle, kidney, liver, and testis) and RNA from whole mature feeding tadpoles (stage 48) showed that xCOUP-TF-A is either absent, expressed at very low levels, or is only expressed in very localized regions in the adult frog (data not shown).
gastrulation, increase between stages 13 and 17, and remain at their maximum levels in the later stages examined (st. 20 and 22, Fig. 3 ; and st. 24 and 28, not shown).
Spatial expression of xCOUP-TF-A and xCOUP-TF-B during development: partially alternating expression zones in the hindbrain
The expression of xCOUP-TF-B during early Xenopus development was examined with an RNase protection assay (Fig. 3B ). An N-terminal EcoRI-SmaI fragment, containing part of the 5' UTR and a small part of the coding region of xCOUP-TF-B, was used as a probe. xCOUP-TF-B is expressed from stage 13 onwards, with slightly increased levels after stage 13.
Taken together, both xCOUP-TFs have a similar timing of expression: they start being expressed at the end of We examined the expression patterns of xCOUP-TF-A and xCOUP-TF-B by whole mount in situ hybridization, using the templates described above to synthesize antisense digoxigenin-labelled RNA probes from (Fig. 4 , but see also Fig. 5 and the left panel of Fig. 6 ). Using this method, distinct xCOUP-TF-A expression patterns were not detected before stage 18. At this stage three prominent sites of expression are visible in the head region: a stripe along part of the antero-posterior axis was detected in the 1OOpm (A,B) or 50pm (C-F) .
prospective mid/hindbrain region of the neural tube (the arrow in Fig. 4A points to the anterior limit of this expression zone; and see also (Fig. 4A , and shorter arrow in Fig. 6A ). The somites also express xCOUP-TF-A (Figs. 4A and 6A) .
At tailbud stages (Fig. 4B, st. 28 ; Fig. 4C , anterior part of a st. 31 embryo which is depicted entirely in Fig. 6C ; Fig. 5A-C; and Fig. 4D, over-stained st. 26 embryo) xCOUP-TF-A is expressed in restricted parts of the brain, in and around the eye, in the developing branchial arches, and in the somites. Fig. 4D depicts a stage 26 embryo that was stained for a prolonged period to show the specificity of the somite staining (the other embryos were stained for a shorter period to reveal the neural expression patterns).
xCOUP-TF-A
expression has extended to form a restricted pattern throughout the CNS: an intense signal is detected in the forebrain in the telencephalon (see also Fig. 5A ); light staining is found in parts of the diencephalon and midbrain, the mid-hindbrain border is negative (as observed after double-labelling with an Engrailed-2 (En-2) probe, not shown). En-2 mRNA is present at this border in both mid-and hindbrain tissue: the hindbrain expression zones of En-2 and xCOUP-TF-A were overlapping slightly; the mid-hindbrain border is indicated by an arrow in Fig. 4C) ; and in the hindbrain xCOUP-TF-A is most strongly expressed in rhombomeres (r) 1,2,4 and 6 (r 4 lies dorsally to the otic vesicle) (Fig. 4C) . Furthermore, xCOUP-TF-A is expressed along the spinal cord (Fig. 4C) . xCOUP-TF-A is also expressed ventrally in the eye (Figs. 4C and 5B), in the branchial arches (Fig.  5A,B) , and in the somites (Figs. 4B-D, 5C and 6C). The somitic expression is perinuclear (Fig. 5C ). Transverse sections of stage 31 embryos (Fig. 5C) showed that the xCOUP-TF-A signal in the spinal cord is localized bilaterally near the neurocoele at the ventral side of the tube, and that it is absent from the floor plate.
At stage 31 (Fig. 4G,H) xCOUP-TF-B is expressed in the forebrain (see also Fig. 5D ), and ventrally in the midbrain (Fig. 4G : small spot right above the posterior aspect of the eye). Most of the midbrain is negative. In the hindbrain xCOUP-TF-B is expressed strongly in the posterior part of rl (which in Xenopus appears to be a very wide rhombomere when compared to the others, see e.g. Fig.  2A in Ruiz i Altaba and Jessell, 1991 b), less expression is found in r2 and r3; r4 expresses very low amounts of xCOUP-TF-B, and r5 and r6 have high xCOUP-TF-B expression levels. The hindbrain expression is localized in the dorsal (sensorial) part (see Fig. 5E .F; transverse sections through the hindbrain of a stage 37 embryo at the level of rl (Fig. 5E) and r5 (Fig. 5F) ).
These data indicate a more or less alternating COUP-TF expression pattern along the A/p axis of the frog CNS both in the neurula and in the tailbud: At the neurula stage (st. 18; Figs. 4A,E and 6A,E) the anterior-most, medially connecting, parts of the neural folds express xCOUP-TF-A; the posterior part of this expression zone overlaps the anterior xCOUP-TF-B expression domain, which extends further posteriorly, and which is 'followed' by a short xCOUP-TF-negative domain: this region is sharply bordered by a short region expressing only xCOUP-TF-A; a tiny part that expresses both xCOUP-TFs (although the level of xCOUP-TF-A is much higher than that of xCOUP-TF-B), and then there is a substantial area extending posteriorly along + half of the embryos length (prospective hindbrain region) solely expressing xCOUP-TF-A .
At a still later stage (swimming tadpole, stage 45), xCOUP-TF-A
expression is no longer detectable by in situ hybridization (not shown).
At tailbud stages, this alternation is even more refined: The forebrain and anterior midbrain contain high levels of both xCOUP-TFs whereas most of the midbrain is xCOUP-TF-negative, except for a small ventral region expressing xCOUP-TF-B; in the hindbrain rl expresses xCOUP-TF-A, its posterior part also expresses xCOUP-TF-B, r2 expresses xCOUP-TF-A and B, r3 has mainly xCOUP-TF-B, r4 expresses mainly xCOUP-TF-A, r5 has mainly xCOUP-TF-B, and r6 expresses both xCOUP-TFs.
Further back (ventral part of the posterior hindbrain and spinal cord) only xCOUP-TF-A is expressed.
A different probe representing the 5' UTR of xCOUP-2.5. RA treatment has opposite effects on the expression TF-A gave similar results (not shown).
of xCOUP-TF-A andxCOUP-TF-B
xCOUP-TF-B is expressed almost exclusively in anterior neural tissue, although it is also strongly expressed in the dorsal part of the eye, and weakly in the branchial arches. At stage 18 xCOUP-TF-B is expressed anteriorly in the neural folds (left arrow in Fig. 6E ), and more posteriorly in the neural folds there is a narrow band of weak expression (arrow in Fig. 4E , and right arrow in Fig. 6E ).
xCOUP-TF-B
is also strongly expressed in the eyeanlagen (Fig. 4E) . At stage 25 (Fig. 4F ) a pattern of localized bands is prominently visible in the developing hindbrain. The dorsal parts of the eyes are also clearly stained. The prosencephalon also expresses xCOUP-TF-B.
After treatment with 10" M RA from stage 9 onwards, xCOUP-TF-A was already found to be expressed at a low level in stage 12 embryos (not shown); however, by stage 13 xCOUP-TF-A is expressed at much higher levels in RA-treated embryos (Fig. 3C) . Expression is still clearly enhanced in the neurula stages tested (stages 17 and 20) while the expression levels at later stages (St. 22, Fig. 3C ; st. 24 and st. 28, not shown) are comparable to those in control embryos.
On the other hand, the same RA treatment completely suppressed the expression of xCOUP-TF-B in stage 13, 17 and 20 embryos, whereas the expression levels at stage 22 (Fig. 3D ) and stages 24 and 28 (not shown) were comparable to those in untreated embryos.
Thus, before stage 22, the two Xenopus COUP-TFs are inversely regulated by treatment with RA, xCOUP-TF-A mRNA expression levels being enhanced and xCOUP-TF-B mRNA expression levels being reduced, whereas the expression levels of both COUP-TF mRNAs later return to the levels in control embryos.
We also examined the expression patterns of xCOUP-TF-A and xCOUP-TF-B in RA treated embryos by whole mount in situ hybridization.
Continuous treatment with lOA M RA from stage 10 onwards revealed that xCOUP-TF-A expression is enhanced also by this method, whereas xCOUP-TF-B expression is inhibited by RA (right panels of Fig. 6 ): In stage 18 embryos treated with RA, the eye-anlagen expression domain of xCOUP-TF-A has disappeared, whereas the neural expression has lost most of its regionalization, and is now present in the entire anterior part of the neural folds (compare Fig. 6B with 6A). In an RA-treated tailbud stage embryo (Fig.  6D ) no regionalized xCOUP-TF-A expression could be observed; the entire dorsal part of the embryo is xCOUP-TF-A-positive (except for the posterior tip of the embryo).
The same RA treatment completely abolishes xCOUP-TF-B expression, as is shown in Fig. 6F ,H. A lower concentration (2 X 10n7 M) RA was also able to inhibit xCOUP-TF-B expression completely (not shown).
Discussion
Conservation of COUP-TF sequences throughout the animal kingdom
Although the known human and mouse COUP-TF sequences are very well conserved, both in the coding region and in the 5' and 3' UTRs (see Jonk et al., 1994) , we have not cloned COUP-TFI and COUP-TFII homologues, but instead a putative mammalian COUP-TFII homologue (xCOUP-TF-B) and another COUP-TF (xCOUP-TF-A; Matharu and Sweeney, 1992) , which was not obviously more closely related to any of the known COUP-TF sequences (Jonk et al., 1994; Qiu et al., 1994 Fjose et al., 1993) suggested that these lower vertebrates (frog and fish) may share a different set of COUP-TFs than those detected so far in mammals (see Figs. 1 and 2) .
The vertebrate COUP-TFs are apparently subdivided into three groups:
xCOUP-TF-B/mammalian COUP- Silva et al., 1995) , it is possible that other frog and fish COUP-TFs exist that are also present in adult animals.
Interspecies conservation of COUP-TF expression patterns
COUP-TF expression patterns have been described in zebrafish embryos (Fjose et al., 1993) , in mouse (Jonk et al., 1994; Lu et al., 1994; Qiu et al., 1994; Lopes da Silva et al., 1995) , in chicken embryos (Lutz et al., 1994) and in Drosophila (Mlodzik et al., 1990) . Because the amino acid sequences of the Xenopus COUP-TFs described above are much more closely related to those of the zebrafish than to the mouse homologues, we will briefly compare the expression patterns of the zebrafish and Xenopus mRNAs.
In 12 h zebrafish embryos svp [46] , the zebrafish homologue of xCOUP-TF-A, is expressed in the presumptive diencephalon, midbrain, hindbrain (presumptive rl and r2, and r4 and r5), in the anterior spinal cord and in the paraxial mesoderm. As development proceeds, the hybridization signals of the CNS disappear, and svp [46] expression becomes restricted to the developing eye and optic stalk. The mesodermal staining becomes most intense in the latest somites being formed. The early svp[46] expression pattern is thus very similar to the xCOUP-TF-A expression at a relatively later stage; the staining pattern in the CNS seems to correspond especially well although there is additional xCOUP-TF-A staining in the telencephalon.
Furthermore, in Xenopus, xCOUP-TF-A expression is more intense in older than in younger embryos. and we could not detect clear differences in staining intensity in more or less differentiated somites.
Svp [44] , the zebrafish homologue of xCOUP-TF-B, is first (at 13 h of development) expressed in the posterior diencephalon and anterior midbrain, and in the anterior hindbrain. Later (20 h of development) the anterior ex- pression extends to more anterior parts of the brain, and anterior part of the embryo, and this gene is downreguthe expression in the hindbrain extends over the whole lated, presumably due to the posteriorizing effect of RA hindbrain, peaking in rl and r2 (Fjose et al., 1993) . This (Durston et al., 1989) . However, RNase mapping showed is quite similar to the expression pattern of xCOUP-TF-B a recovery of xCOUP-TF-B expression in RA-treated in Xenopus embryos, although it seems that in the hindembryos of the late neurula-stage, which could indicate brain svp [44] has a less restricted expression pattern than that at these later stages xCOUP-TF-B is expressed, but nCOUP-TF-B, and unlike SOUP-TF-B, svp [44] expresthat the expression is so poorly localized that it is not sion has not been reported in the telencephalon.
visible following whole mount in situ hybridization. When comparing COUP-TF expression patterns between murine, zebrafish and frog embryos, there are some obvious similarities: COUP-TFs are mainly expressed in the embryonic nervous system in restricted patterns which overlap in some regions; COUP-TFs are also expressed in the developing eye region; and expression levels decrease after organogenesis. In Drosophila, the gene product of seven-up (svp), which is the homologue of vertebrate COUP-TF genes, is necessary for neurogenesis and for photoreceptor development (Mlodzik, 1990) . Both the conserved sequences and the conserved expression patterns point to an important role of COUP-TFs during neural differentiation and eye development. In all species examined, the restricted neural pattern develops some time after the process of neural induction, and thus it seems unlikely that COUP-TFs play a role in neural induction or early regionalization processes of the CNS. However, COUP-TFs could be involved in maintenance of the identity of neural structures, by inhibition or activation of target gene expression, e.g. arrestin (Lu et al., 1994) or possibly Hox-genes (see Studer et al., 1994) .
In P19 embryonal carcinoma (EC) cells, RA treatment (which leads to neuronal differentiation) rapidly induces the expression of mCOUP-TFI and mCOUP-TFII (Jonk et al., 1994) . This suggests a differential regulation of COUP-TF genes by RA, both in one species (Xenopus COUP-TF-A and -B) and between different species (xCOUP-TF-B and mCOUP-TFII). It will be interesting to see how this differential regulation by RA is achieved: is the effect of RA direct? Do COUP-TFs contain (different) RAREs in their respective promoters? Do COUP-TFs regulate their own expression?; and to see what the effect of this differential regulation will be, in terms of COUP-TF target genes.
Can xCOUP-TFs play a role in regulating retinoidmediated developmental processes?
COUP-TFII has recently been implicated in the regulation of myoD gene expression (Muscat et al., 1995) . This could well correlate with the somite staining of xCOUP-TF-A reported here (although xCOUP-TF-B rather than xCOUP-TF-A seems to be the Xenopus homologue of COUP-TFII).
Interestingly, xCOUP-TF-A is expressed most abundantly in the rhombomeres adjacent to r3 and r5 where Krox-20 is expressed; perhaps xCOUP-TF-A represses the expression of this gene in vivo, as was shown for hCOUP-TFI after mRNA overexpression in the Xenopus embryo (Schuh and Kimelman, 1995) .
RA treatment differentially changes the xCOUP-TF expression patterns
Treatment of Xenopus embryos with RA changes the levels (Fig. 3 ) and the expression patterns (Fig. 5 ) of both xCOUP-TFs significantly; xCOUP-TF-A mRNA expression is upregulated or is induced prematurely (at gastrulation) by RA treatment, and its regionalized pattern is lost. The expression in the eye-anlagen disappears, because the development of this structure is suppressed. xCOUP-TF-A expression in the neural tube is enhanced and spreads out along the anterior and middle parts of the neural folds. xCOUP-TF-A becomes expressed along the entire hindbrain. xCOUP-TF-B is normally expressed solely in the The main conclusions concerning the function of COUP-TFs during early development that can be drawn from the data described here is that COUP-TFs can only play a role in embryonic development after gastrulation, and that it seems likely, in view of the conserved expression patterns, that they are involved in neural specification and eye development. xCOUP-TFd and xCOUP-TF-B mRNAs cannot be detected before stage 13 (the end of gastrulation). It cannot be excluded that maternally derived COUP-TF proteins might be present, however this seems unlikely at least for xCOUP-TF-A, because xCOUP-TF-A mRNA is not obviously present in the adult frog. Because it is known that in Xenopus the first and most severe effects of exogenous retinoids are found following treatment before stage 13 (Durston et al., 1989) , it is unlikely that xCOUP-TFs are endogenous inhibitors or modulators of retinoid action at these early stages. However, it could well be that xCOUP-TF expression starts at a time when retinoids should no longer be activating retinoid-responsive genes and that they thereby prevent retinoid-activated processes from continuing for too long. The precocious expression of xCOUP-TF-A after RA treatment could function to oppose the effects of excess retinoids at inappropriate locations. Interestingly, mCOUP-TFs are also induced during RA-mediated neural differentiation of P19 EC cells, and in P19 EC cells stably transfected with mCOUP-TFI the RA-induced differentiation is delayed compared to wild type P19 EC cells treated with RA (Jonk et al., 1994 ; see also Neuman, 1995) . The latter data are also compatible with an inhibitory role for xCOUP-TF-A against effects of exposure to RA. However, the inhibition of xCOUP-TF-B by the same RA treatment suggests that different xCOUP-TFs might be regulated differentially by retinoids in vivo, and thus may serve different functions. It is interesting in this aspect that the two xCOUP-TFs are expressed in alternating patterns in parts of the brain; a possibility is that this is part of a mechanism to maintain regional differences in the CNS.
A recent paper, describing effects of overexpression of human (h) COUP-TFI mRNA in Xenopus embryos indeed points to an inhibitory function of hCOUP-TFI in RA signal transduction: Overexpression of hCOUP-TFI inhibits RA-induced Xlim expression in animal cap explants (Schuh and Kimelman, 1995) . However, these authors also report that (dorsal) injection of hCOUP-TFZ results in severe anterior malformations, resembling the effects of excess of RA. These seemingly contradictory observations might be the result of a double function of COUP-TFs as in fact reported by Lu et al. (1994) , who described the regulation of arrestin (a neural-specific gene) transcription by COUP-TFs: COUP-TFs can function as repressors of RAR/RXR transactivation but they do so only in the presence of retinoids; in the presence of low concentrations or in the absence of retinoids, COUPTFs are able to activate transcription (Lu et al., 1994) . This double behaviour of COUP-TFs may also depend on the presence or absence of their own, as yet unidentified, ligand. In this light the alternating xCOUP-TF expression patterns in the hindbrain described above, which make the complete hindbrain COUP-TF-positive, are suggestive of RAR/RXR independent specific roles for each COUP-TF in neural patterning. The opposite effects of RA on the abundance of xCOUP-TF-A and -B transcripts point in the same direction. These alternative functions of COUP-TFs need further research.
Experimental procedures
Embryo culture
Xenopus embryos were obtained by in vitro fertilization and staged according to Nieuwkoop and Faber (1967) . RA treatment was from stage 9 (Fig. 3) or stage 10 (Fig. 6) onwards at a final concentration of lO+j M.
Isolation of the xCOUP-TF-B gene
A 2 kb cDNA of xCOUP-TF-B was cloned in the same screening as xCOUP-TF-A using a stage 17 cDNA library (see Matharu and Sweeney, 1992) .
Northern blot
A SmaI-Sad fragment encoding part of the D, and the complete E domain of xCOUP-TF-A was random-primed labelled and hybridized to a Northern blot containing 2Opg of Xenopus RNA from different developmental stages or different adult tissues. Washes were with 0.1 X SSC at 65°C. As a control for RNA loading a randomly labelled histone H3 BumHVEcoRI fragment (Destrte et al., 1984) was used to hybridize to the same blot.
RNase mapping
A 160 bp EcoRIISmaI fragment from the 5' end of the xCOUP-TF-B cDNA, representing 30 nt UTR and the first 37 amino acids, was cloned into pGEM4Z, linearized with EcoRI and transcribed with T7 RNA polymerase, resulting in a probe of 190 nt. As a control for sample loading a probe hybridizing to a ribosomal protein transcript (S8 or Xom6U9; Mariottini et al., 1988) , the level of which does not change following RA treatment, was included in each sample. RNase protection was performed as previously described (Dekker et al., 1992) .
In situ hybridization
RNA probes were transcribed from the same subclones as described in 4.2 and 4.3, and from a fragment representing the 5' untranslated region of xCOUP-TF-A using a digoxigenin labelling kit (Boehringer Mannheim) according to the manufacturer's instructions. Whole mount in situ hybridization on albino embryos was performed as described by Harland (1991) , except that prior to incubation with NBT/BCIP, the embryos were washed for 1.5 h in alkaline phosphatase buffer without NBT/BCIP, in order to reduce background. Staining reactions were 6 h for xCOUP-TF-A and 12 h for xCOUP-TF-B. Paraffin sections (10 or 12pm) were counter-stained with 0.1% neutral red.
